The facultative intracellular pathogen Salmonella enterica resides within a membrane-bound compartment inside macrophages 1 . This compartment must be acidified for Salmonella to survive within macrophages 2 , possibly because acidic pH promotes expression of Salmonella virulence proteins 3, 4 . We reasoned that Salmonella might sense its surroundings have turned acidic not only upon protonation of the extracytoplasmic domain of a protein sensor 5 but also by an increase in cytosolic ATP levels, because conditions that enhance the proton gradient across the bacterial inner membrane stimulate ATP synthesis 6, 7 . Here we report that an increase in cytosolic ATP promotes transcription of the coding region for the virulence gene mgtC, which is the most highly induced horizontally acquired gene when Salmonella is inside macrophages 8 . This transcript is induced both upon media acidification and by physiological conditions that increase ATP levels independently of acidification. ATP is sensed by the coupling/uncoupling of transcription of the unusually long mgtC leader messenger RNA and translation of a short open reading frame located in this region. A mutation in the mgtC leader messenger RNA that eliminates the response to ATP hinders mgtC expression inside macrophages and attenuates Salmonella virulence in mice. Our results define a singular example of an ATP-sensing leader messenger RNA. Moreover, they indicate that pathogens can interpret extracellular cues by the impact they have on cellular metabolites.
The mgtC gene is required for survival inside macrophages and for growth in low Mg 21 media in several phylogenetically unrelated intracellular pathogens including Salmonella enterica 9 , Yersinia pestis 10 , Brucella suis 11 , Burkholderia cenocepacia 12 and Mycobacterium tuberculosis 13 . In Salmonella, mgtC heads the mgtCBR operon, which specifies the inner membrane protein MgtC, the Mg 21 transporter MgtB and the MgtR peptide promoting MgtC degradation 14 .
Transcription from the mgtCBR operon is controlled by the virulence regulatory system PhoP/PhoQ 15 . Expression of mgtC must be tightly regulated for a normal course of infection because inactivation of the mgtC gene attenuates Salmonella virulence in mice 9 , whereas preventing transcription of AmgR, a PhoP-dependent anti-sense RNA that promotes the preferential degradation of the mgtC portion of the polycistronic mgtCBR message, renders Salmonella hypervirulent 16 . Mild acidic pH induces expression of the mgtC 17 ( Supplementary  Fig. 1 ) and mgtB 18 genes in a phoP-dependent manner in wild-type Salmonella. This could be ascribed to acidic pH sensing by PhoQ, the cognate sensor of PhoP 5 . However, Salmonella seems to use a different mechanism to promote mgtC expression in response to mild acidic pH: when bacteria were switched from media at pH 7.7 to media at pH 5.1, the messenger RNA (mRNA) levels of the mgtC (Fig. 1a) and mgtB (Fig. 1b) coding regions increased even in a phoP* phoQ 2 strain, which lacks the pH sensor PhoQ and harbours a PhoP allele that can function in its absence 19 . This stimulation seems to be specific to mgtC because the mRNA levels corresponding to the mgtA coding region did not increase (Fig. 1c) , despite the mgtA promoter also being under direct transcriptional control of PhoP 15 . coding regions in a Salmonella strain lacking the extracytoplasmic pH sensor PhoQ. Relative mRNA levels of the coding regions of the mgtC (a), mgtB (b) and mgtA (c) genes produced by a Salmonella phoP* phoQ strain (EG10232) or a derivative with conserved adenine nucleotides at position 44-46 in the mgtCBR leader substituted by thymine nucleotides (EL486). Bacteria were grown in N-minimal media with 500 mM Mg 21 at pH 7.7 for 1 h and then for an additional 1 h in the same media at pH 5.1 in the absence or presence of 0.5 mM of the protonophore carbonyl cyanide 3-chlorophenylhydrazone (CCCP). mRNA levels of target genes were normalized to that of 16S ribosomal RNA rrs gene. The mean and s.d. from two independent experiments are shown. d, Intracellular ATP levels and pH of Salmonella (EG10232) grown in media with pH 7.7 and 1 h after being switched to media with pH 5.1 to an attenuance at 600 nm (D 600 nm ) of 0.453. Values are in picomoles of ATP per millilitre of cells per D 600 nm . The mean and s.d. from two independent measurements are shown.
The stimulation of mgtC expression promoted by mild acidic pH could be mediated by an increase in the proton gradient across the inner membrane, hence creating a change in cytosolic ATP. Indeed, the intracellular pH dropped by ,0.9 units and the ATP concentration rose ,2.5-fold within 1 h of switching the phoP* phoQ 2 strain from media at pH 7.7 to media at pH 5.1 (Fig. 1d) . Dissipation of the proton gradient with a protonophore decreased ATP levels ( Fig. 1d ) and prevented induction of mgtC and mgtB at pH 5.1 (Fig. 1a, b) . (A similar drop in intracellular pH was shown by wild-type Salmonella; that is, from pH 8.15 6 0.112 in media with pH 7.7 to pH 7.25 6 0.079 in media with pH 5.1 and to pH 5.04 6 0.031 in media with pH 5.1 in the presence of the protonophore.)
That cellular ATP is the signal upregulating mgtC transcription when Salmonella experiences mild acidification is supported by two additional experiments performed with strains carrying plasmid pGFP303, which harbours the nucleotide sequence corresponding to the natural mgtCBR promoter and leader region fused to a promoterless gfp gene at the mgtC start codon. Fluorescence was sixfold higher when a purine auxotroph was grown in defined media with high adenine than with low adenine (Fig. 2a) . The higher fluorescence is not due to differences in growth rates (data not shown) or a decrease in cellular pH (Fig. 2b) , but reflects the higher ATP levels present in bacteria grown at the higher adenine concentration (Fig. 2b) . Moreover, it is specific to ATP because a change in uridine levels in the growth media did not alter the fluorescence of a uridine auxotroph harbouring pGFP303 (data not shown). Furthermore, it requires mgtCBR regulatory sequences because changes in the adenine concentration in the media did not affect the fluorescence produced by the adenine auxotroph harbouring the plasmid vector (Fig. 2a) . And when wild-type Salmonella harbouring pGFP303 was grown in glucose, fluorescence was two times higher than when it was grown in glycerol (Fig. 2c) , reflecting the larger ATP amounts generated when glucose is used as carbon source (Fig. 2d) .
We analysed the mgtCBR leader mRNA seeking sequence and structural features that might indicate how it might sense ATP. We identified two short open reading frames (ORFs)-designated mgtM and mgtP-preceded by putative ribosome-binding sites (Fig. 3a) . Here, we focus on mgtM because, as subsequently described, it mediates the response to ATP. We determined that mgtM is translated in vivo ( Supplementary Fig. 2 ) and that similarly sized ORFs preceded by potential ribosome-binding sites are conserved in the mgtCBR leader regions from other enteric bacteria (Supplementary Fig. 3 ). The sequences adjacent to and including mgtM have the potential to adopt two alternative structures-stem-loops A and B-in Salmonella (Fig. 3a) and other examined species (Supplementary Fig. 3 ). In-line probing experiments verified the formation of stem-loop B in the wildtype mgtCBR leader RNA ( Supplementary Fig. 4 ) and of stem-loop A in a mutant leader RNA with the G 95 RC substitution, which is predicted to hinder formation of stem-loop B ( Supplementary Fig. 4 ).
The deduced amino-acid sequence of mgtM is not conserved in other species ( Supplementary Fig. 5 ), but its length and location relative to stem-loop A, as well as the presence of adenine nucleotides near the base and within stem-loop A, are (that is, positions 44-46 and 56-57; Fig. 3b ). Because the left arm of stem-loop A includes the last four mgtM codons (Fig. 3a) , translation of the complete mgtM is anticipated to hinder formation of stem-loop A and favour formation of stemloop B. Therefore, changes in intracellular ATP levels might affect the , acidic pH and antimicrobial peptides by promoting phosphorylation of the PhoP protein, which binds to the mgtCBR promoter, resulting in transcription initiation. Acidic pH also produces a proton gradient across the inner membrane, resulting in higher intracellular ATP levels. Intracellular ATP levels control transcription elongation into the mgtCBR coding regions by affecting the coupling/uncoupling of transcription of the mgtCBR leader and translation of the short ORF mgtM, which affects the formation of alternative stem-loops A or B. The mgtM ribosome-binding site is underlined. Positions and sequences of stop codon mutations or nucleotide substitutions in the strains used in the experiments presented in c and d are indicated and denoted below the mgtM sequence. b, Conservation of adenine nucleotides in mgtM relative to stem-loop structures in the mgtC leader. Alignment of the nucleotide sequences corresponding to mgtM from the indicated species. Sequences in bold correspond to mgtM. The mgtM ribosome-binding sites are underlined. Asterisks correspond to nucleotides conserved in all listed species. Conserved adenine nucleotides are coloured in orange; sequences with a potential to adopt stem-loop structures are underlined. c, b-galactosidase activity (Miller units) produced by Salmonella with a chromosomal mgtC-lac fusion (EG9527) and isogenic derivatives with mutation of the start codon (EG19269) or with stop codons at different positions (EG19285, EG19289, EG19293 and EG19298) in mgtM. Bacteria were grown in N-minimal media containing low (10 mM) or high (10 mM) Mg 21 for 4 h. d, b-galactosidase activity (Miller units) produced by Salmonella with a chromosomal mgtC-lac fusion (EL92) and isogenic derivatives with C 87 RG and G 95 RC substitution (EL96) or mutation of the start codon in mgtM (EL97) or both (EL98). Bacteria were grown as described in c. The mean and s.d. from three independent experiments are shown in c and d. e, b-galactosidase activity produced by Salmonella with a chromosomal mgtC-lac fusion harbouring either plasmid psupF or the empty vector pUH21-2lacI q (EL86, EL87) and isogenic derivatives with an amber stop codon (EL90, EL91) or ochre stop codon (EL88, EL89) at position 39-41 of mgtM. Bacteria were grown as described except in the presence of ampicillin and 0.2 mM IPTG. f, b-galactosidase activity produced by Salmonella with a chromosomal mgtC-lac fusion (EG9527) or an isogenic strain with a stop codon at position 39-41 in mgtM (EG19289) harbouring either the vector or plasmid pmgtM. Bacteria were grown as described except in the presence of ampicillin and 0.1 mM IPTG. The mean and s.d. from two independent experiments are shown in e and f.
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coupling/uncoupling of transcription of the mgtCBR leader with translation of mgtM. This would determine whether stem-loop A or B forms, thereby dictating whether transcription continues into the mgtCBR coding regions. This is analogous to the mechanism by which cytoplasmic UTP levels control expression of the pyrimidine biosynthetic gene pyrBI in Escherichia coli, except that low UTP promotes pyrBI transcription when RNAP pauses at a U-rich segment of the pyrBI leader mRNA 20 whereas we propose that high ATP furthers expression of the mgtCBR coding regions.
In agreement with the notion that a transcription attenuation-like mechanism 20, 21 regulates transcription elongation into the mgtCBR coding region, a strain with a chromosomal mutation in the mgtM start codon and harbouring a lac fusion in the mgtC coding region produced over four times more b-galactosidase than the isogenic strain with the wild-type mgtC leader when grown in low Mg 21 to induce the PhoP/PhoQ system 15 (Fig. 3c, d ). Likewise, strains harbouring stop codons at the fourth, sixth or seventh positions of mgtM (Fig. 3a) also derepressed mgtC-lac expression (Fig. 3c) . This derepression is due to a defect in mgtM translation (as opposed to resulting from an effect on the structure of the mgtC leader mRNA): a plasmid expressing the amber suppressor supF restored normal mgtC-lac transcription to an mgtM mutant with an amber stop codon at the sixth position but not to an isogenic mutant with an ochre stop codon at the same position (Fig. 3e) . As expected, the supF-expressing plasmid had no effect on mgtC-lac transcription in a strain harbouring the wild-type mgtC leader (Fig. 3e ). An mgtM derivative with a stop codon at the ninth position failed to express mgtC-lac (Fig. 3c) , possibly because translation of mgtM beyond the eighth codon would result in formation of stem-loop B (Fig. 3a) . Translation of mgtM exerts its regulatory effect on the associated mgtCBR coding regions in cis (as opposed to mgtM encoding a trans-acting peptide) because a plasmid expressing the mgtM ORF failed to restore normal mgC-lac expression to an mgtM stop codon mutant, behaving like the vector control (Fig. 3f) ; and it had no effect on a strain with a wild-type mgtC leader (Fig. 3f) . Our data indicate that whenever translation stops before the ribosome reaches the ninth mgtM codon, stem-loop A forms, which promotes expression of the mgtCBR coding region; and when mgtM is translated beyond a certain position, stem-loop B is favoured, which reduces transcription of the mgtCBR coding region (Fig. 3a) . As predicted, the pronounced mgtC-lac derepression shown by the mgtM start codon mutant (Fig. 3c, d ) was eliminated by the simultaneous introduction of C 87 RG and G 95 RC substitutions (Fig. 3d) , which favours formation of stem-loop B (Fig. 3a) .
The phenotypes described above are not an artefact resulting from the absence of a functional mgtC gene in the mgtC-lac strains. This is because mutation of the mgtM start codon derepressed mgtC levels in an otherwise wild-type Salmonella that experienced mild acidification ( Supplementary Fig. 6 ), and because introduction of a stop codon at the ninth position of mgtM silenced mgtC expression in an isogenic strain subjected to the same conditions ( Supplementary Fig. 6 ).
The conserved adenine nucleotides at positions 44-46 or 56-57 of the mgtCBR leader (Fig. 3a) are critical for the response to ATP: on the one hand, the mild acid induction of the mgtC and mgtB genes disappeared in a strain with a chromosomal mutation at position 44-46 in the mgtCBR leader (Fig. 1a, b) . Likewise, growth in glucose no longer promoted higher fluorescence than growth in glycerol in wild-type Salmonella carrying a pGFP303 derivative with the adenine nucleotides at position 44-46 substituted by thymine nucleotides (Fig. 2c ). Yet, this mutant leader retained a wild-type structure (Supplementary Fig. 7 ) and ability to respond to Mg 21 ( Supplementary  Fig. 8 ) 22 . Moreover, changes in the adenine concentration in the media failed to affect the fluorescence produced by the purine auxotroph with derivatives of pGFP303 where the adenine nucleotides at position 44-46 were replaced by thymine nucleotides, guanine nucleotides or cytosine nucleotides, or with a plasmid with the adenine nucleotides at position 56-57 replaced by guanine nucleotides (to avoid destabilizing stem-loop A, the last two nucleotides were not replaced by thymine nucleotides or cytosine nucleotides; Fig. 3a) (Fig. 2a) . On the other hand, an engineered mgtCBR leader with a scrambled mgtM sequence that retained the adenine nucleotides at positions 44-46 and 56-57 had a wild-type response to ATP (Fig. 2a) . The RNAs from the wildtype and ATP-blind mutant mgtC leader had indistinguishable in vitro profiles when investigated at two pHs ( Supplementary Fig. 7b ). This provides further support to the notion that the increase in mgtCBR expression resulting from mild acidification is mediated by cytosolic ATP levels as opposed to protons being sensed directly by the mgtC leader mRNA. Cumulatively, these data provide a singular example of a bacterial mRNA leader that senses ATP, using a mechanism that is different from those previously described in eukaryotic organisms [23] [24] [25] . We wondered whether ATP sensing by the mgtCBR mRNA leader is required for Salmonella virulence given that mgtC is expressed in a variety of tissues during infection in several different animal hosts 8, [26] [27] [28] and that inactivation of the mgtC gene hinders survival inside macrophages and virulence in mice 9 . We established that when Salmonella was inside the macrophage-like cell line J774.A1, the mRNA levels of the mgtA and mgtC leaders region rose in parallel ( Supplementary Fig. 9 ), which probably reflects activation of their respective promoters during RESEARCH LETTER infection 29 . By contrast, the mRNA levels corresponding to the mgtC and mgtB coding regions increased markedly (that is, tenfold by 9 h after internalization relative to Salmonella grown in tissue culture media; Fig. 4a ), but no induction was observed for the coding region of the mgtA gene (Fig. 4a) , which is not required for Salmonella virulence 9 . This might reflect differences between the mgtCBR (Fig. 3a) and mgtA 30 leaders. Indeed, the mRNA levels of the mgtA coding region did not increase under conditions promoting higher ATP levels (Fig. 2a) or mild acidification (Fig. 1c) . Induction of the mgtC and mgtB coding regions inside macrophages requires the ability of the mgtCBR leader mRNA to sense ATP because it was defective in a chromosomal mutant with the adenine nucleotides at position 44-46 replaced by thymine nucleotides (Fig. 4b) . This mutant was attenuated for virulence after intraperitoneal inoculation of mice (Fig. 4c) , albeit not as much as a strain deleted for the mgtC and mgtB coding regions (Fig. 4c) , implying that other signalling inputs remain functional in this mutant.
Cumulatively, our findings demonstrate that the mgtCBR leader senses cytosolic ATP levels, thereby enabling differential control of the mgtCBR operon from that of other PhoP-activated genes. This property is critical for Salmonella virulence, possibly because Salmonella resides within a phagosome that is mildly acidic 1 , which is a condition that can generate high ATP levels in the bacterium 6, 7 . Finally, our data highlight how pathogens can interpret host-derived signals, such as acidic pH, by the changes they experience in their cellular constituents.
METHODS SUMMARY
Bacterial strains and plasmids used in this study are listed in Supplementary Table 1. All S. enterica serovar Typhimurium strains were derived from the wild-type strain 14028s and were constructed by phage P22-mediated transductions as described. All DNA oligonucletides are listed in Supplementary Table 2 . Detailed descriptions of examining the effect of pH or ATP on gene expression, determining intracellular ATP levels, examining expression inside macrophage and mouse virulence assays are in Methods.
METHODS
Bacterial strains, plasmids, oligodeoxynucleotides and growth conditions. Bacterial strains and plasmids used in this study are listed in Supplementary Table 1. All S. enterica serovar Typhimurium strains were derived from the wild-type strain 14028s 31 and constructed by phage P22-mediated transductions as described 32 . All DNA oligonucletides are listed in Supplementary Table 2 . Bacteria were grown at 37 uC in Luria-Bertani broth, N-minimal media (pH 7.7) 33 supplemented with 0.1% casamino acids, 38 mM glycerol and the indicated concentrations of MgCl 2 . To examine the effect of pH or carbon source on gene expression, we used a modified N-minimal medium containing 0.2% glucose instead of 38 mM glycerol. E. coli DH5a was used as the host for preparation of plasmid DNA. Ampicillin was used at 50 mg ml
21
, chloramphenicol at 20 mg ml 21 , kanamycin at 20 mg ml
, tetracycline at 10 mg ml 21 and fusaric acid at 12 mg ml
. Effect of pH on gene expression. Cells were grown overnight in N-minimal medium containing 10 mM Mg 21 . Dilution (1/100) of the overnight culture was used to inoculate 20 ml of the same medium and grown for 3 h. Cells were then washed and transferred to 20 ml of N-minimal medium containing 500 mM Mg 21 and grown for 1 h. The cells were collected and washed with N-minimal medium containing 500 mM Mg 21 and an aliquot corresponding to 1/10 volume of cells for pH 7.7 before switching to pH 5.1. Then, cells were resuspended in 20 ml of N-minimal medium containing 500 mM Mg 21 at pH 5.1 with or without 0.5 mM carbonyl cyanide 3-chlorophenylhydrazone and growth continued for 1 h. Bacteria were stabilized using RNAprotect Bacteria Reagent (Qiagen) and RNA was isolated for further analysis. Effect of exogenous adenine on gene expression. The adenine auxotrophic strain EG9652 harbouring plasmid pGFP303, its derivatives, pfpv25mgtA or the plasmid vector were grown overnight in N-minimal medium containing 10 mM Mg 21 , 500 mM adenine and ampicillin. One millilitre of the overnight culture was washed in the N-minimal medium without Mg 21 and adenine and resuspended in 1 ml of the same media. The suspended bacteria were inoculated 1/50 volume in N-minimal medium with 10 mM Mg 21 and ampicillin in the presence of either 25 or 250 mM adenine. Fluorescence and D 600 nm of the cultures were monitored for 6.5 h with shaking 37 uC in a Victor 3 plate reader (Perkin Elmer). To prevent evaporation, the 96-well plate was covered with mineral oil. GFP expression of a given strain was determined by plotting fluorescence over D 600 nm . Note that the purB strains were freshly transduced before each experiment to prevent the isolation of suppressor mutations. Measurement of intracellular ATP in Salmonella. We measured intracellular ATP levels using a luminometer (BioTek Synergy H1) as described with modification 34 . Briefly, bacteria were grown overnight in N-minimal media containing 10 mM Mg 21 and 0.2% glucose as a carbon source. One millilitre of the overnight culture was washed in the N-minimal medium without Mg 21 and resuspended in 1 ml of the same media. Diluted (1/100) bacteria were inoculated in 2 ml of N-minimal media containing 10 mM Mg 21 (with proper antibiotics if necessary) and grown for 4 h. Cells were normalized by D 600 nm and resuspended in 500 ml of phosphate-buffered saline (PBS). Nucleic acids were extracted by adding 100 ml of ice-cold 3 M perchloric acid. After incubating for 5 min, extracts were neutralized with 225 ml of neutralization buffer (1 M KOH, 0.5 M Tris, 0.5 M KCl) and centrifuged for 10 min. Fifty microlitres of the supernatant were diluted with 50 ml of L buffer (25 mM KCl, 50 mM MgSO 4 , 100 mM HEPES pH 7.4) and intracellular ATP was measured using an ATP Determination Kit (Invitrogen) according to the manufacturer's instruction. Intracellular ATP levels (picomoles per millilitre of cells at given D 600 nm ) were converted using reference to standards of known concentration.
To measure intracellular ATP levels in response to exogenous adenine levels (Fig. 2b) , purB Salmonella were grown overnight in N-minimal medium containing 10 mM Mg 21 and antibiotic. One millilitre of the overnight culture was washed in the N-minimal medium without Mg 21 and adenine and resuspended in 1 ml of the same media. Diluted (1/50) suspended bacteria were inoculated in modified N-minimal media containing 10 mM Mg 21 and 0.3 mM inorganic phosphate and grown for 6.5 h. Then, 120 mCi of phosphorus-32 were added and labelled for 15 min. The labelled nucleoside 59-triphosphates were extracted by formic acid extraction as described previously and analysed by PEI-cellulose thin-layer chromatography plate 35 . The levels of intracellular ATP were quantified by a Typhoon FLA-9000 phosphorimager (GE Healthcare). Examining gene expression inside macrophages. Macrophage infection was performed as described 8 with the following modifications: J774 A.1 macrophages were seeded in six-well plates in RPMI medium (Invitrogen) supplemented with 10% heat-inactivated fetal bovine serum, 2 mM L-glutamine and 10 mM HEPES at a density of 10 6 per well one day before infection with Salmonella. Bacteria were grown overnight in Luria-Bertani broth media at 37 uC, washed with PBS and used to infect macrophages at a multiplicity of infection of 100:1. Plates were centrifugated at 1,000g for 5 min (defined as time 0) and incubated for 1 h for phagocytosis. Extracellular bacteria were killed with RPMI media containing 50 mg ml 21 gentamicin. The media were replaced after 1 h with the same media containing 10 mg ml 21 gentamicin and incubation continued as indicated in the legend to Fig. 4a, b . At each time point, infected macrophages were lysed and stabilized with Tri reagent (Applied Biosystems) and RNA was extracted according to the manufacturer's instruction. Control RNA from Salmonella cultured in tissue culture media was obtained as described previously 8 . Salmonella mRNA levels at each time point were normalized by the mRNA levels after growth in tissue culture media. To estimate the intracellular bacteria at each time point, cells were lysed with PBS containing 0.1% Triton X-100 and plated on Luria-Bertani broth plate with proper dilutions, or DNA was extracted from the same RNA sample according to the manufacturer's instructions (Applied Biosystems) and measured by quantitative real time PCR. Mouse virulence assays. Six-to eight-week-old female C3H/HeN mice were inoculated intraperitoneally with ,10 4 colony-forming units. Mouse survival was followed for 21 days. Virulence assays were conducted three times with similar outcomes and data correspond to groups of five mice. All animals were housed in temperature-and humidity-controlled rooms, maintained on a 12 h light/12 h dark cycle. All procedures complied with regulations of the Institutional Animal Care and Use Committee of the Yale School of Medicine. Construction of plasmids harbouring lacZ fusions to mgtM. PCR fragments corresponding to nucleotides 1-59 of the mgtCBR leader were amplified with primer 9801, which includes the sequence corresponding to the plac 1-6 promoter, and either primer 9802 or 9803 (creating a stop codon) using 14028s genomic DNA as a template. The resulting PCR products were digested with SmaI and XbaI and cloned into plasmid pACYC-9lacZ digested with the same enzymes. The sequences of the resulting constructs were verified by DNA sequencing. Construction of plasmids harbouring fusions to a promoterless gfp gene. pGFP303, a plasmid with the PhoP-dependent mgtCBR promoter and the wildtype mgtC leader fused to a promoterless gfp gene, was constructed as follows: a PCR fragment generated with primers 1746 and 8117 using 14028s genomic DNA as a template and digested with EcoRI and XbaI was cloned into plasmid pfpv25 digested with the same enzymes.
Derivatives of pGFP303 with nucleotide substitution in the mgtCBR leader region were constructed by cloning PCR fragments generated by two rounds of PCR reactions. For the A 44-46 RT substitution in the mgtC leader, a first PCR fragment was generated with primers 1746 and 11727, and a second fragment was generated with primers 11726 and 8117 using 14028s genomic DNA as a template. A third PCR was performed with primers 1746 and 8117 using the two PCRgenerated DNA fragments as templates. The resulting PCR product was cloned into pfpv25 using the same restriction enzymes used for construction of pGFP303. All other substitutions were generated in a similar way using the following primer pairs: A 44 pfpv25mgtA, a plasmid with the PhoP-dependent mgtA promoter and wildtype mgtA leader fused to a promoterless gfp gene, was constructed as follows: a PCR fragment was generated with primers 6208 and 11737 using 14028s genomic DNA as a template and digested with EcoRI and XbaI and then cloned into pfpv25 digested with the same enzymes. The sequences of the resulting constructs were verified by DNA sequencing. Construction of a plasmid harbouring the mgtM ORF. Plasmid pmgtM was constructed as follows: a PCR fragment corresponding to the mgtM gene was generated by PCR with primers 10074 and 10075 using 14028s genomic DNA as a template, digested with HindIII and BamHI and cloned into pUHE 21-2lacI q digested with the same enzymes. Construction of a strain with chromosomal deletion of the mgtC and mgtB genes. A Salmonella strain deleted for the mgtC and mgtB genes was generated by the one-step gene inactivation method 36 . A Cm R cassette was PCR amplified from plasmid pKD3 using primers 1908 and 1911 for the deletion of the mgtC and mgtB genes; the resulting PCR products were integrated into 14028s chromosome to generate strain EG16736 (mgtCB::Cm R ). The mgtCB deletion (EL6) strain was made by removing the antibiotic resistance cassette from EG16736 using plasmid pCP20 as described 36 . Construction of strains with chromosomal mutations in the mgtCBR leader region. Two different methods were used to generate strains with chromosomal mutations in the mgtCBR leader. To create stop codon mutants in mgtM and with nucleotide substitution in the mgtCBR leader region, we used the fusaric acid method as described 16 . We introduced a Tet R cassette in the mgtCBR leader region as follows: we generated a 1990-base-pair PCR product harbouring the tetRA genes using as template chromosomal DNA from strain MS7953s and primers 7310/7370. The product was purified and used to electroporate 14028s or EG9527 Salmonella containing plasmid pKD46. The resulting mgtCBR leader::tetRA strains containing plasmid pKD46 (EG18715 and EG18798) were kept at 30 uC.
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Then, we replaced the tetRA cassette in the mgtCBR leader region using DNA fragments carrying a mutation to create nucleotide substitutions. This was accomplished by preparing a DNA fragment harbouring nucleotide substitutions in the mgtCBR leader region by a two-step PCR process.
To create strains with stop codon mutations in mgtM, DNA fragments carrying stop codons in mgtM were prepared as follows: we used two primer pairs 8118/ 8769 and 8770/7308 (for UAG), 8118/8878 and 8880/7308 (for UAA1), 8118/8881 and 8879/7308 (for UAA2), 8118/8986 and 8987/7308 (for UGA3), 8118/8882 and 8883/7308 (for UAA4) or 8118/9851 and 9850/7308 (for UAG2) and 14028s genomic DNA as a template in the first PCR reaction. For the second PCR reaction, we mixed the two PCR products from the first PCR reaction as templates and amplified the DNA fragment with expected substitution using primers 8118 and 7308. The resulting PCR products were purified and integrated into the EG18798 or EG18715 (for EG19307 and EG19322) chromosome and selected against Tet R with media containing fusaric acid to generate strains EG19269, EG19285, EG19289, EG19293, EG19298, EL90 (or EL91), EG19307 and EG19322, Tet S Amp S chromosomal mutants, respectively. DNA fragments carrying the A44-46 to T substitution in the mgtC leader were prepared by a two-step PCR reaction. For the first PCR reaction, we used two primer pairs 8118/11727 and 11726/7308, and 14028s genomic DNA as a template. For the second PCR reaction, we mixed the two PCR products from the first PCR reaction as templates and amplified the DNA fragment with expected substitution using primers 8118 and 7308. The resulting PCR products were purified and integrated into the EG18715 chromosome and selected against Tet R with media containing fusaric acid to generate EL341, a Tet S Amp S chromosomal mutant. The presence of the expected substitution was verified by sequencing.
All other chromosomal mutants with substitutions in the mgtCBR leader were constructed by a multiple-step PCR process. Strain EL92 was constructed by inserting a Cm R cassette in the yicL gene, which is 278 nucleotides upstream from mgtC transcription start site. The Cm R cassette was amplified from plasmid pKD3 using primers 4801 and 4802 and the resulting PCR products were integrated into EG9527 chromosome to generate EL92 (yicL::Cm R ). Then, we prepared DNA fragments containing a Cm R cassette and the proper nucleotide substitutions in the mgtCBR leader using two primer pairs and EL92 genomic DNA as a template: primer pairs 10077/8265 and 8264/7308 for the C87RG G95RC substitution, and primer 10077/8769 and 8770/7308 for UAG mutation in the mgtM. The two resulting DNA fragments from the first PCR reactions were mixed and used as PCR templates to amplify DNA fragments containing Cm R cassette and the proper nucleotide substitution using 10077 and 7308. For EL98, DNA fragments were generated using primer pairs 10077/8265 and 8264/7308 and EL97 genomic DNA as a template. The resulting DNA fragments were purified and integrated into EG9527 chromosome by the one-step inactivation method 36 and mutants were selected for resistance to chloramphenicol. The presence of the expected substitution was verified by DNA sequencing. Quantitative RT-PCR. Total RNA was isolated using RNeasy Kit (Qiagen) according to the manufacturer's instructions. The purified RNA was quantified using a Nanodrop machine (NanoDrop Technologies). Complementary DNA (cDNA) was synthesized using High Capacity RNA-to cDNA Master Mix (Applied Biosystems). The mRNA levels of the mgtC, mgtB, mgtA and rrs genes were measured by quantification of cDNA using Fast SYBR Green PCR Master Mix (Applied Biosystems) and appropriate primers (mgtC leader: 6962/6963; mgtC coding: 7530/7531; mgtB coding: 7763/7764; mgtA leader: 7225/7226; mgtA coding: 4308/4309) and monitored using a Fast ABI7500 machine (Applied Biosystems). Data were normalized to the levels of 16S ribosomal RNA amplified with primers 6970 and 6971. b-galactosidase assays. Cells were grown overnight in N-minimal media and washed twice in N-minimal media before resuspending them in N-minimal media with different MgCl 2 concentrations for 4 h at 37 uC with shaking. The activity was determined as described 37 . Data correspond to two independent experiments conducted in duplicate.
Determining intracellular pH in Salmonella. We measured intracellular pH using green fluorescent protein as described with modification 38 . Bacteria harbouring a plasmid containing the gfp gene expressed from heterologous promoter (pfpv25.1) were grown as shown in Figs 1 and 2b. Cells were normalized by D 600 nm and resuspended in 150 ml of PBS in a 96-well black microplate. Excitation spectra were measured at 30 uC from 480 to 510 nm (slit width, 2 nm), using an emission wavelength of 545 nm (slit width, 20 nm) by a Synergy H1 plate reader (BioTek). Spectra were measured for three biological replicates at each pH. A standard curve was determined for green fluorescent protein by measuring fluorescence of samples resuspended in the same buffer at pH 5.5, 6.0, 6.5, 7.0 or 7.5 with addition of 20 mM sodium benzoate, a permeant acid equilibrating cytoplasmic pH with external pH. In-line probing. Experiments were performed as described 39 with the following modifications: the mgtC leader RNA was synthesized in vitro with a T7 RiboMAX Large Scale RNA production system (Promega) from the DNA template amplified from wild-type 14028s and primers (8675/11562) for the mgtC leader . DNA templates with G 95 RC, A 44-46 RT or A 56-57 RG substitutions were prepared by a two-step PCR reaction. For the first PCR reaction, we used two primer pairs 8675/8175 and 8174/11562 for G 95 RC substitution, 8675/11727 and 11726/ 11562 for A 44-46 RT substitution, 8675/11723 and 11722/11562 for A 56-57 RG substitution and 14028s genomic DNA as a template. For the second PCR reaction, we mixed the two PCR products from the first PCR reaction as templates and amplified the DNA fragment with expected substitution using primers 8675 and 11562. To probe the structures at different Mg 21 concentrations, 1 pmol of 59-end-labelled mgtC leader RNA was incubated in buffer (100 mM KCl, 50 mM Tris (pH 8.3)) with 1, 5 or 20 mM Mg 21 for 40 h at room temperature. Reactions were quenched with urea gel loading buffer II (Ambion) and analysed on a 10% denaturing polyacrylamide gel. Examining the effect of pH on RNA structure. To determine pH effect on the structure of the mgtC leader, we used lead (II) acetate as it cleaves single-stranded RNAs non-specifically. One picomole of 59-end-labelled wild-type 1-195 RNA or mutant RNA with A 44-46 RT substitution was incubated in 10 ml of either pH 8.3 (100 mM KCl, 10 mM Tris (pH 8.3), 10 mM MgCl 2 ) or pH 7.0 (100 mM KCl, 10 mM Tris (pH 7.0), 10 mM MgCl 2 ) buffer for 10 min at 37 uC to allow RNA folding. Then, 1 ml of fresh solution of lead (II) acetate (50 mM) was added and incubated for 2 min at 37 uC. Reaction was stopped by adding 10 ml of gel loading buffer II (Ambion) on ice and analysed on a 10% denaturing polyacrylamide gel.
